The detection of key food odorants appears to be an important capability of odorant receptors. Here, thiols occupy an outstanding position among the 230 known key food odorants because of their very low odor thresholds. Members of the homologous series of 3-mercapto-2-methylalkan-1-ols have been described as onion key food odorants or food constituents and are detected at logarithmically different thresholds. 3-Mercapto-2-methylpentan-1-ol being the only key food odorant within this series also has the lowest odor threshold. Most odorants typically activate combinations of odorant receptors, which may be narrowly or broadly tuned. Consequently, a specific receptor activation pattern will define an odor quality. In contrast, here we show that just 1 of the 391 human odorant receptors, OR2M3, responded exclusively to 3-mercapto-2-methylpentan-1-ol of the 190 key food odorants tested, with a half maximal effective concentration at submicromolar concentration. Moreover, neither the Denisovan OR2M3 nor the closest OR2M3 homologs from five species did respond to this compound. This outstanding specificity of extremely narrowly tuned human OR2M3 can explain both odor qualities and odor threshold trend within a homologous series of 3-mercapto-2-methylalkan-1-ols and suggests a modern human-specific, food-related function of OR2M3 in detecting a single onion key food odorant.
Introduction
The perception, recognition, and hedonic experience of foods critically depend on the food aroma-characteristic combinations and concentration ratios of volatiles. From about 10 000 volatiles that have been identified in foods, including 800 sulfur-containing substances, less than 3% appear in concentrations above their odor thresholds in foods (Grosch 2001; Dunkel et al. 2014) . This is described by the odor activity value (OAV), which is the concentration in the food divided by the odor threshold (Rothe and Thomas 1963) . Volatiles with an OAV ≥ 1 thus fulfill one important criterion to be considered as key food odorants (KFOs) (Grosch 2001; Dunkel et al. 2014) . Thiols are among the most potent KFOs, with odor threshold concentrations in the picogram per liter range.
In this study, we investigated 3-mercapto-2-methylpentan-1-ol, which consists of 4 possible diastereomers (2R;3R, 2R;3S, 2S;3S and 2S;3R), with different odor thresholds (Granvogl et al. 2004) . Although 3-mercapto-2-methylpentan-1-ol occurs at very low concentrations in food, its OAV is very high due to its extremely low odor threshold Schieberle 2009, 2011) . Even in complex food matrices, 3-mercapto-2-methylpentan-1-ol has an important influence on the overall aroma Schieberle 2009, 2011) . 3-Mercapto-2-methylpentan-1-ol is a common and potent KFO of the genus Allium (Widder et al. 2000; Granvogl et al. 2004) . It defines the overall aroma of onions, which are used in our everyday life and all over the world as food, and play a role in folk and complementary medicine since thousands of years (Block 2010) . Thiols are known to significantly shape the aroma of a variety of foods (Tamura et al. 2010; Christlbauer and Schieberle 2011; Benkwitz et al. 2012; Li et al. 2012; Picard et al. 2015) . Within the homologous series around 3-mercapto-2-methylpentan-1-ol, closely related compounds have been identified in foods: 3-mercapto-2-methylbutan-1-ol in beer (Kishimoto et al. 2006) and wine (Sarrazin et al. 2007 ) and 3-mercapto-2-methylpropan-1-ol in wine (Bouchilloux et al. 1998 ) and hops (Gros et al. 2011) , however without a significant aroma contribution.
What now determines the outstanding role as KFO of a single compound out of a homologous series of volatiles? As a molecular mechanism, a highly specific and potent interaction with just one or at least very few odorant receptors (ORs) of the olfactory sensory neurons in the nose would appear plausible. However, since the discovery of ORs in 1991 (Buck and Axel 1991) , activating substances for only approximately 12% of the about 400 human ORs have been identified until now. A comprehensive meta-analysis of all published, bioassay-based evidence on recombinant OR activation by odorants suggested nevertheless a 3 times enhanced chance of identifying cognate odorant/ OR pairings when using compounds from the so far about 230 KFOs known in foods (Krautwurst and Kotthoff 2013; Dunkel et al. 2014) .
Until now, there have been only few functional assignments of ORs and thiols. For the human ORs, OR2C1 has been identified to specifically respond to 1-octanethiol (Saito et al. 2009; Mainland et al. 2014) and to 1-nonanethiol (Saito et al. 2009 ). 1-Octanethiol as well as 1-nonanethiol furthermore activated OR2W1 and OR1A1 in a concentration-dependent manner (Saito et al. 2009 ). 1-Pentanethiol activated other family 2 OR members, OR2T2 and OR2T8 (Kotthoff et al. 2010) . Recently, Li et al. (2016) reported on OR2T11 to respond to a variety of low-molecular-weight thiols with different potencies. However, all these investigated thiols are non-KFO volatiles, at least according to criteria posed by Dunkel et al. (2014) . Up to now, there are no data available, which can explain the extremely specific and sensitive detection of certain KFO thiols by the human nose and the molecular mechanisms underlying this.
Here, we synthesized 3-mercapto-2-methylpentan-1-ol and its homologous series and determined the corresponding odor thresholds by means of gas chromatography-olfactometry (GC-O). To identify and characterize cognate OR/KFO pairs using an online cyclic adenosine monophosphate (cAMP)/Luminescence GloSensor assay , we transfected a complementary DNA expression library of 391 human ORs into NxG 108CC15 cells (Hamprecht et al. 1985) and tested them against 3-mercapto-2-methylpentan-1-ol. The single hit OR we then tested against a collection of 190 KFOs. Importantly, we established concentration-response relations of cognate OR/KFO pairs to compare in vitro half maximal effective concentration (EC 50 )-based potencies with an in vivo odor threshold trend and with odor qualities for 3-mercapto-2-methylalkan-1-ols.
Materials and methods

Chemicals
Chemicals for syntheses were purchased from Sigma-Aldrich, Alfa-Aesar, and TCI Europe Laboratory Chemicals. Solvents were obtained from VWR, and deuterated solvents were supplied by Euriso-top. Dichloromethane, diethyl ether, and pentane were distilled prior to use.
The following chemicals were used: Dulbecco's modified Eagle's medium (DMEM; #F0435), fetal bovine serum superior (#S0615), l-glutamine (#K0282), penicillin (10 000 U/mL)/streptomycin (10 000 U/mL) (#A2212), trypsin/ethylenediaminetetraacetic acid solution (#L2143), MEM nonessential amino acid solution (100×) (#M7145, Sigma-Aldrich), Gibco hypoxanthine-aminopterin-thymidine supplement (#21060-017).
The following chemicals were further used: calcium chloride dihydrate (CaCl 2 *2H 2 O; #22322.295), d-glucose (#101174Y), dimethyl sulfoxide (DMSO; #83673.230), HEPES (#441476L), potassium chloride (KCl; #26764.230), and sodium hydroxide (#28244.295) (VWR Chemicals BDH Prolabo); sodium chloride (NaCl; #1064041000, Merck); and d-luciferin (beetle) monosodium salt (#E464X, Promega).
Odorants were purchased from Sigma-Aldrich, TCI Europe Laboratory Chemicals, Alfa-Aesar, and Chemos GmbH.
Synthesis
The 3-mercapto-2-methylalkan-1-ols were synthesized from the corresponding 2-methylalk-2-enales with the addition of thioacetic acid followed by reduction with lithium aluminum hydride (LiAlH 4 ; Figure 1 ). If the respective α,β-unsaturated aldehydes were not commercially available (e.g., 2-methylhex-2-enal, 2-methylhept-2-enal or 2-methyloct-2-enal), they were prepared by a condensation of 1-ethoxyprop-1-ene with the respective aldehyde followed by acidic hydrolysis (Satsumabayashi et al. 1970 ).
Synthesis of the 2-methylalk-2-enales
To a solution 1-ethoxyprop-1-ene (0.1 mol) and the respective aldehyde (0.3 mol), boron trifluoride diethyl etherate (0.5 g) was slowly added under ice-cooling. Thereby, the temperature of the reaction mixture should not exceed 30 °C. After stirring the mixture for 4 h at room temperature (RT), aqueous hydrochloric acid (50 mL, 10%) was added and the mixture was refluxed for 6 h. The mixture was extracted with diethyl ether (2 × 100 mL), the combined organic layers were dried over anhydrous sodium sulfate, and the solvent was removed by rotary evaporation. Purification of the product was performed by fractional distillation. 
Thioacetylation with thioacetic acid
Thioacetic acid (2.28 g; 30 mmol) was slowly added to an ice-cooled solution of piperidine (40 mg; 0.5 mmol) and the respective 2-methylalk-2-enal (20 mmol). The mixture was stirred for 24 h at RT. After diluting with diethyl ether (80 mL), the solution was washed with aqueous hydrochloric acid (2 mol/L; 2 × 25 mL), followed by a saturated aqueous sodium bicarbonate solution (30 mL). After drying over anhydrous sodium sulfate, the solvent was removed by rotary evaporation. 
Reduction with LiAlH4
The obtained acetylthio derivative (10 mmol) was dissolved in anhydrous diethyl ether (15 mL), and added slowly to a suspension of LiAlH 4 (0.76 g; 20 mmol) in anhydrous diethyl ether (20 mL) at 0 °C. The solution was stirred for 2 h at RT, and a saturated aqueous ammonium chloride solution (20 mL) was added slowly at 0 °C. Then, aqueous hydrochloric acid (2 mol/L; 50 mL) was added to dissolve the precipitate formed, the ethereal layer was separated, and the aqueous layer was extracted with diethyl ether (3 × 70 mL). The combined organic layers were washed with a saturated aqueous sodium bicarbonate solution (50 mL), followed by water (50 mL). After drying over anhydrous sodium sulfate, the solvent was removed by rotary evaporation. Purification of the compound was performed by column chromatography on silica gel using pentane/ diethylether (90/10; v/v) as the eluent.
GC-FID and GC-O
Gas chromatography-flame ionization detector (GC-FID) and GC-O analyses were performed by means of a gas chromatograph 8160 (Fisons Instruments) using helium as the carrier gas. It was mounted on a detector base of the GC and heated to 200 °C. The FID was operated at 250 °C with hydrogen (20 mL/min) and air (200 mL/min). Nitrogen (30 mL/min) was used as the make-up gas. The injection volume was 1.0 μL. During a GC-O run with a given dilution, the nose of the panelist was placed closely above the top of the sniffing port, and the odor of the effluent was evaluated.
If an odor was recognized, the retention time was marked in the chromatogram, and the odor quality was assigned. The evaluation was performed in duplicates. Representative data are given as mean Gurland and Tripathi 1971) for one panelist. In total, three panelists performed the evaluation. Panelists were trained on a "flavor language" in weekly training sessions for at least 6 months, in which pure reference odorants were used (Czerny et al. 2008 ).
Gas chromatography-mass spectrometry
Mass spectra were recorded after chromatography on a gas chromatograph 5890 series II (Hewlett-Packard) connected to a sector field mass spectrometer MAT 95 S (Finnigan). Mass spectra in the EI mode were recorded at 70 eV ionization energy, and mass spectra in the chemical ionization mode (MS-CI) at 115 eV with isobutane as the reactant gas.
Determination of odor thresholds and odor qualities in air
Thresholds were determined by aroma extract dilution analysis of a mixture containing known amounts of the target odorant and (E)-2-decenal as the internal standard. Thresholds were calculated from the flavor dilution factors determined by using the method previously described (Ullrich and Grosch 1987 ) and a threshold of 2.7 ng/L for (E)-2-decenal (Teranishi et al. 1974) . Odor qualities were assigned during GC-O at the threshold level. The evaluation of the odor thresholds was performed in total by 3 panelists.
NMR spectroscopy
The 1 H, 13 C, and 2-D NMR experiments were performed using a Bruker 400 MHz DMX spectrometer (Bruker). Samples were dissolved in CDCl 3 , and chemical shifts were determined using tetramethylsilane as the internal standard (0.03%) in the proton dimension and from the carbon signal of CDCl 3 (77.0 ppm) in the carbon dimension.
Molecular cloning
The protein-coding regions (NCBI reference sequence, Supplemental Tables 2 and 3 ) of human OR2M3, OR2M2, OR2M4, OR2M5, OR2M7, bovine OR2M3, and mouse Olfr164 were amplified from genomic DNA with gene-specific primers (Supplemental Table 5 ) by polymerase chain reaction (PCR).
PCR reactions with a final volume of 50 µL were performed in an C-1000 thermocycler (BioRad) with 150 ng of respective genomic DNA, 0.5 µL Phusion hot start DNA polymerase (#F-534L), 1.5 µL DMSO (#F-515, Thermo Scientific), 2.5 mmol/L deoxynucleotides (#U1511, Promega), and 0.5 µmol/L of each primer. The following protocol was used: denaturation (98 °C, 3 min), followed by 10 cycles containing: denaturation (98 °C, 30 s), annealing with 1 °C decreasing in temperature each cycle (start 66 °C, 30 s), extension (72 °C, 2 min); 30 cycles containing: denaturation (98 °C, 30 s), annealing (58 °C, 30 s), extension (72 °C, 2 min) and final elongation (72 °C, 10 min).
PCR products were purified (gel extraction kit, #28706, Qiagen), digested either EcoRI/NotI (#R6017/ #R6435, Promega) or MfeI/ NotI (#R0589S/ #R0189S, New England BioLabs) and ligated with T4 DNA ligase (#M1804, Promega) into the expression plasmid pI2-dk(39aa rho-tag) (aa, amino acid) (Krautwurst et al. 1998; Shirokova et al. 2005) , which codes for the first 39 amino acids of the bovine rhodopsin as an N-terminal tag.
Plasmid DNA was transformed by heat shock in competent Escherichia coli XL-1-blue cells (#200249, Agilent Technologies) and purified with pure yield plasmid midiprep kit (#A2495, Promega). Plasmid DNA concentration was determined with the Nanodrop 2000 (Thermo Fisher Scientific) and adjusted to 250 ng/µL.
Applying this procedure, we also cloned the protein-coding regions of 391 different human ORs (Supplemental Table 1 ). Further the coding regions for the 19 closest OR2M3 homologs of human family 2 ORs were cloned by this procedure as NCBI reference sequence (Supplemental Table 2 ). All constructs were verified by sequencing using primers outside the multiple cloning site (Supplemental Table 4 ).
PCR-based site-directed mutagenesis
All human receptor variants as well as the chimp (Pan troglodytes) ptOR2M3 and bonobo (Pan paniscus) ppOR2M3 were generated by PCR-based site-directed mutagenesis in two steps. Gene-specific primers (mutation primers) were used according to Supplemental Tables 6-10. The mutation primers, which carried the changed nucleotides, were designed overlapping.
Step one PCR was carried out in 2 PCR amplifications, one with the forward gene-specific primer and the reverse mutation primer, the other with the forward mutation primer and the reverse genespecific or vector-internal primer.
Both PCR amplicons were then purified and used as template for step two. Here, the two overlapping amplicons were annealed using the following program: denaturation (98 °C, 3 min), 10 cycles: denaturation (98 °C, 30 s), annealing (start 58 °C, 30 s), and extention (72 °C, 2 min). After this, full-length gene-specific forward and reverse primers were added. The amplicons were then subcloned as described above.
Sequencing
All subcloned wild-type (wt.) and mutated OR-coding amplicons were verified by Sanger sequencing (Eurofins Genomics).
Contribution of archaic OR2M3
The high-coverage sequence data were retrieved from online sources (Denisovan: http://cdna.eva.mpg.de/denisova/alignments/ and Altai Neanderthal: http://cdna.eva.mpg.de/neandertal/altai/ AltaiNeandertal/bam/) and aligned with human chromosome 1 (Hg19) to identify the coding regions for OR2M3. The respective region was identified on location chr1:248 366 370-248 367 308 by means of human genome Hg19 using integrative genomics viewer Version 2.3.72 (105) (Robinson et al. 2011; Thorvaldsdóttir et al. 2013) . The respective consensus sequences were extracted and aligned with human, bonobo, and chimpanzee reference sequences using MEGA7 (Kumar et al. 2016 ).
Alignments and phylogenetic trees
Automatic alignments of sequences were done using CLC Main Workbench 7.5.1 software (CLCbio, Qiagen).
The MEGA 7.0.14 software (Kumar et al. 2016 ) was used to generate a neighbor-joining tree from an existing manually created alignment.
Sequence logos were generated from an existing manually created alignment using the Weblogo 2 (Version 2.8.2) sequence logo generator (Schneider and Stephens 1990; Crooks et al. 2004 ).
Cell culture and transient DNA transfection
We used NxG 108CC15 cells, a neuroblastoma x glioma hybrid, as a test cell system for the functional expression of recombinant ORs . NxG 108CC15 cells were cultivated according to Hamprecht et al. (1985) . For experiments, cells were plated in a 96-well format (white 96-well plate, #136102, Nunc) with a density of 7500 cells per well. On the next day, the transfection was performed using the lipofection method with each 100 ng/well of the corresponding plasmid DNA as well as with 50 ng/well of the transport protein RTP1S (Saito et al. 2004 ), G protein subunit Gαolf (Jones and Reed 1989; Shirokova et al. 2005) , olfactory G protein subunit Gγ13 (Li et al. 2013 ) and the pGloSensor-22F (Binkowski et al. 2009 ) (Promega) using Lipofectamine 2000 (#11668-027, Life Technologies). The pGloSensor-22F is a genetically engineered luciferase with a cAMP binding pocket, which allows measuring a direct cAMP-dependent luminescence signal. As a control, the transfection was performed with the vector plasmid pI2-dk(39aa rho-tag) (Krautwurst et al. 1998; Shirokova et al. 2005) , which is lacking the coding information of an OR together with Gαolf, RTP1S, Gγ13 and cAMP-luciferase pGloSensor-22F (mock). The amount of transfected plasmid-DNA was equal in OR-transfected and mock-transfected cells.
cAMP luminescence assay
The cAMP luminescence assays were performed 42 h post transfection as reported previously . The cells were loaded with a physiological salt buffer (pH 7.5) containing 140 mmol/L NaCl, 10 mmol/L HEPES, 5 mmol/L KCl, 1 mmol/L CaCl 2 , 10 mmol/L d-glucose, and 2% of d-luciferin. For the cAMP luminescence measurements, the Glomax MULTI + detection system (Promega) was used. After incubating the cells for 1 h in the dark, the basal luminescence signal of each well was recorded. Afterward, the odorant, serially diluted in the physiological salt buffer, was applied onto the cells. Odorant stock solutions were prepared in DMSO and diluted 1:1000 in the physiological salt buffer to obtain a final DMSO concentration of 0.1% DMSO on the cells. Real-time luminescence signals for each well were measured 4 min after the odorant application.
Data analysis of cAMP luminescence measurements
The raw luminescence data obtained from the Glomax MULTI + detection system were analyzed using Instinct Software (Promega). Three data points before (baseline) and after odorant addition (signal) were averaged, and the respective baseline was subtracted from each signal.
For screening experiments, three single screening experiments were performed and the three independent experiments were normalized by lowest/highest luciferase ratios using the equation: (RLU − RLU min )/(RLU max − RLU min ).
Measurements were than multiplied and a 3-and 2σ-threshold were calculated. All signals above the 3σ-threshold (mean ± 3 SD over all signals) were assessed as positive signals.
For concentration-response relations the baseline-corrected data set was normalized to the maximum amplitude of the reference odorant-receptor pair (OR2M3 with an application of 60 μmol/L 3-mercapto-2-methylpentan-1-ol). The data set for the mock control was subtracted, and EC 50 values and curves were derived from fitting the function f(x) = ([min − max]/[1 + (x/EC 50 ) hillslope ]) + max (DeLean et al. 1978) to the data by nonlinear regression (SigmaPlot 10.0, Systat Software). All data are presented as mean ± SD.
Results
Sensory properties of a homologous series of 3-mercapto-2-methylalkan-1-ols
The 3-mercapto-2-methylalkan-1-ols (≥C 4 ) have 2 chiral centers with 4 isomers: 2 diastereomers and 2 enantiomers. Due to their different physical properties, it is possible to separate the diastereomers by GC with achiral phases. Enantiomers were not separated, and therefore each peak consists of 2 enantiomers. Odor thresholds for the diastereomers were determined individually, except for the 3-mercapto-2-methylbutan-1ols, which did not show a sufficient gas chromatographic separation. The odor thresholds of the first eluting diastereomers were consistently lower than for the second eluting compound (Table 1 ). The major differences in odor thresholds were observed for the diastereomers of 3-mercapto-2-methylpentan-1-ol (factor 520). The other homologs showed only slight differences in the range of factor 4 to factor 8. The first eluting diastereomers revealed a very distinct minimum in odor thresholds at C 5 /C 6 with extremely low thresholds for 3-mercapto-2-methylpentan-1-ol and 3-mercapto-2-methylhexan-1-ol (0.0014 and 0.0080 ng/L). After the minimum, threshold values exponentially increased with increasing carbon number by a factor of 6100 between C 5 and C 8 . In contrast to the differences in odor thresholds, we detected no differences for the odor qualities of the respective diastereomers. At C 3 /C 4 , predominantly burned odors were detected. With increasing length of the alkyl chain (C 5 -C 7 ) onion-like, meaty aroma notes occurred, which changed to a burned, grapefruit-like note at C 8 . Some of these 3-mercapto-2-methylalkan-1-ols have a major influence on the aroma of foods. 3-Mercapto-2-methylpentan-1-ol is a KFO of onion, leek, and chives (Granvogl et al. 2004 ), 3-mercapto-2-methylbutan-1-ol was found in wine (Sarrazin et al. 2007 ) and beer (Kishimoto et al. 2006) , and 3-mercapto-2-methylpropan-1-ol was identified in wine (Bouchilloux et al. 1998 ) and hops (Gros et al. 2011) .
A single human OR for the detection of 3-mercapto-2-methylpentan-1-ol
From experiments with isolated mouse olfactory sensory neurons (Malnic et al. 1999; Nara et al. 2011) , and from expression of recombinant ORs in test cell systems (Sanz et al. 2005; Schmiedeberg et al. 2007; Saito et al. 2009; Adipietro et al. 2012; Mainland et al. 2014; Gonzalez-Kristeller et al. 2015) , we have learned that odorant coding at the receptor level follows a combinatorial code, that is, one odorant may activate several receptors, and most ORs are broadly tuned. To establish the receptor code for 3-mercapto-2-methylpentan-1-ol, we screened this compound at 30 μmol/L against 391 human ORs. Surprisingly, only a single receptor, OR2M3, emerged as a responder to 3-mercapto-2-methylpentan-1-ol (Figure 2 ). Screening this compound at 300 μmol/L against 391 human ORs, again, revealed OR2M3 as only responder (Supplemental Figure 1) .
Structure-activity relationships of the homologous series of 3-mercapto-2-methylalkan-1-ols on OR2M3-comparison of in vitro EC 50 values, in vivo odor thresholds, and odor qualities.
Furthermore, we compared the in vivo determined sensory properties of a homologous series of 3-mercapto-2-methylalkan-1-ols to their in vitro determined EC 50 values.
Besides 3-mercapto-2-methylpentan-1-ol, which had the lowest odor threshold among the tested series (Table 1) , we also investigated the homologous series of the 3-mercapto-2-methylalkan-1-ols. Therefore, we established concentration-response relations of 3-mercapto-2-methylalkan-1-ols on OR2M3 using a cAMP luminescence assay. Here, we observed that 3 substances with chain lengths C 4 -C 6 activated OR2M3 in a specific and concentration-dependent manner ( Figure 3A-C) . Substances with C-atom chain lengths <C 4 and >C 6 did not activate OR2M3 ( Figure 3E ; Table 1 ). By screening the 3-mercapto-2-methylalkan-1-ols with the chain length C 3 , C 7 , and C 8 , we found that none of these activates OR2M3. Here, other odorant receptors are involved in their recognition ( Figure 3E and Supplemental Table 11 ).
Although the concentrations used for the in vitro measurements differed by several orders of magnitude from the odor threshold concentrations, the comparison of EC 50 values in vitro with the odor thresholds in vivo revealed a considerable, relative compliance for the substances with chain lengths C 4 -C 6 , which also had the same odor quality ( Figure 3D ; Table 1 ). Among those, the substance with the lowest odor threshold, and therefore the highest potency, also had the lowest EC 50 value in the in vitro experiments.
In addition, we tested the concentration-response relations of 3-mercapto-2-methylpentan-1-ol on OR2M3 in HEK-293 cells as well, which revealed almost identical EC 50 values in NxG 108CC15 and in HEK-293 cells (compare Figure 3B ; Table 1 with Supplemental Figure 2) . Odor thresholds in air were determined as previously reported (Ullrich and Grosch 1987) . Thresholds were determined individually for the first (1) and second (2) Testing 3-mercapto-2-methylpentan-1-ol against OR2M3 homologs reveals species-specific odor detection
We then asked whether the specificity of OR2M3 for 3-mercapto-2-methylpentan-1-ol is an evolutionarily conserved function. We screened 23 receptors closely related to OR2M3 against 3-mercapto-2-methylpentan-1-ol (60 μmol/L; Figure 4 ). These were 4 orthologs from chimp, bonobo, cow, and mouse, as well as the 19 closest human paralogs (Figure 4B and C and Supplemental Tables 2, 3 and 12 and Supplemental Figure 4) . Typically, OR families are defined by members having at least 60% overall amino acid identity (Zhang and Firestein 2002) . Not to miss information, the homologous ORs that we compared were chosen to have an amino acid identity of at least 50% within a set of 22 sequence positions that had been identified before to be highly conserved among putative OR orthologs and variable among paralogs to supposedly constitute a putative odorant binding pocket, according to Man et al. (2004) (Figure 4A ). The 19 human family 2 OR homologs tested (Figure 4 ) represent NCBI reference sequences (NCBI 2016) , which supposedly represent the most frequent and thus presumably functional alleles.
The human OR2M3 shows an amino acid identity of 99% with the bonobo receptor and 98 % identity with the chimpanzee receptor, but all 3 ORs are identical within the set of 22 amino acid positions predicted to be involved in a conserved receptor function in putative OR orthologs.
The amino acid identities between human OR2M3 and its cow or mouse orthologs were 78% or 75%, respectively. The amino acid identities between human OR2M3 and its closest related human receptors OR2M5, OR2M2 and OR2M7, or OR2M4 were 93%, 92%, or 74%, respectively. ( Figure 4B , Supplemental Table 12) .
Although OR2M3 and its closest related human ORs show a high overall amino acid identity, as well as a high amino acid identity among the 22 positions in ORs that were postulated to constitute a putative, general odorant binding pocket (Man et al. 2004) , only OR2M3 responded to 3-mercapto-2-methylpentan-1-ol ( Figure 4D ).
The OR2M3 homologs human OR2M5, as well as mouse Olfr164, did not respond to 60 μmol/L 3-mercapto-2-methylpentan-1-ol ( Figures 4D and 5C and D) . OR2M5 and Olfr164 differ from OR2M3 in 3 and 6 amino acids, respectively, compared just with the set of 22 amino acids constituting a putative binding pocket (Man et al. 2004 ) ( Figure 5A and B and Supplemental Figure 4 ).
We therefore reconstituted the entire set of 22 putative odorantbinding amino acid residues of OR2M3 in OR2M5 and Olfr164, by stepwise site-directed mutagenesis, resulting in ORs with multiple amino acid changes.
We tested all of these receptor variants of human OR2M5 and mouse Olfr164 against 60 μmol/L 3-mercapto-2-methylpentan-1-ol, but found them to be non-responsive ( Figure 5C and D) .
In addition, we tested all single, double, or triple amino acid mutations toward the bonobo or chimpanzee receptors, ppOR2M3 and ptOR2M3, respectively, against 60 μmol/L 3-mercapto-2-methylpentan-1-ol ( Figure 6B ). The chimpanzee receptor differs in 5 amino acids to the OR2M3, and the bonobo receptor differs in 4 amino acids to the OR2M3, none of which overlaps with the putative 22 amino acid odorant-binding pocket according to Man et al. (2004) (Figure 6A) . Surprisingly, neither of the bonobo nor of the chimpanzee wt. receptors responded to 3-mercapto-2-methylpentan-1-ol ( Figure 6B ). Only the receptors mutated toward human OR2M3 were functional ( Figure 6B and Supplemental Figure 5 , Supplemental Table 13 ).
3-Mercapto-2-methylpentan-1-ol detection by human OR2M3 is an evolutionary new function
We further tested the OR2M3 of Altai Neanderthals and Denisovans ( Figure 6B and C) .
On the basis of high-coverage DNA sequence data from Altai Neanderthal (Green et al. 2006; Noonan et al. 2006; Prufer et al. 2014) and Denisovan individuals (for sequences see Supplemental material), no significant sequence variations could be identified between OR2M3 in modern humans and Altai Neanderthal, so the deduced amino acid sequences for OR2M3 are 100% identical. Thus, the ligand specificities of the modern human (Homo sapiens, hs) OR2M3 are the same as those of the archaic Altai Neanderthal. In contrast, the Denisovan DNA sequence had 2 significant variations from modern humans. The synonymous substitution G 333 A, which is also present in simian species, was obtained in 23 from 23 reads (100%). The nonsynonymous substitution C 364 T, which alters the amino acid sequence of the Denisovan OR2M3 at R 122 C was validated by 39 of the 39 reads (100%) across the respective site and thus can be considered valid (Supplemental Table 14 ). R 122 C is located in the middle of the highly conserved "E/DRY" G proteincoupled receptor motif, which is the primary interaction motif for the C-terminus of G protein alpha subunits (Rovati et al. 2007 ) and thus explains Denisovan OR2M3's complete loss of function for 3-mercapto-2-methylpentan-1-ol ( Figure 6B ).
The event leading to the divergence of a human and a simian OR2M3 clade can be scheduled >1.04 Ma ( Figure 6C ). The fact that the sequences for hsOR2M3 and the Altai Neanderthal OR2M3 are identical and that all homologous ORs that were tested here did not respond to 3-mercapto-2-methylpentan-1-ol lead us to hypothesize that OR2M3's responsiveness to 3-mercapto-2-methylpentan-1-ol is an evolutionary "new" function.
3-Mercapto-2-methylpentan-1-ol activates different OR2M3 variants with different potencies
In silico analysis (Genomes Project Consortium et al. 2010) revealed 8 single single nucleotide polymorphism (SNP) haplotypes of OR2M3 ( Figure 7A ). To investigate any influence of these SNPs on OR2M3 receptor function, we generated haplotype variants by sitedirected mutagenesis and subcloning and tested them against 3-mercapto-2-methylpentan-1-ol in NxG 108CC15 cells ( Figure 7B ).
The haplotype OR2M3 D11N showed a higher EC 50 value for 3-mercapto-2-methylpentan-1-ol, as well as a lower efficacy, compared with the wt. receptor ( Figure 7B , Table 2 ). We observed lower EC 50 and efficacy for the variant OR2M3 V78I ( Figure 7C , Table 2 ). OR2M3 A216T showed a higher EC 50 value compared with the wt. receptor, but responded with a similar efficacy ( Figure 7D , Table 2 ). The haplotype OR2M3 R293S showed largely diminished amplitudes compared with the wt. receptor, and an approximately 10-fold higher EC 50 value in response to 3-mercapto-2-methylpentan-1-ol ( Figure 7E , Table 2 ). The OR2M3 M302T haplotype responded with a (Table 1) were determined by means of GC-O. EC 50 values (Table 1) were derived from fitting the logistic function to concentration-response data by means of nonlinear regression. (E) Screening of 391 ORs against 300 μmol/L 3-mercapto-2-methylbutan-1-ol, 3-mercapto-2-methylpentan-1-ol, 3-mercapto-2-methylheptan-1-ol, and 3-mercapto-2-methyloctan-1-ol. Receptor responses above a calculated 3σ-threshold are shown. Names of responding ORs for each compound are listed in Supplemental Table 11. reduced efficacy and about 2-fold higher EC 50 value when compared with the OR2M3 wt. receptor ( Figure 7F , Table 2 ). The 3 haplotypes OR2M3 L63F , OR2M3 Y259H , and OR2M3 I289N showed a complete loss of function ( Figure 7G , Table 2 ). Screening 100 adults for their ability to detect 3-mercapto-2-methylpentan-1-ol did not reveal phenotypes that could be correlated with any SNP-related OR2M3 genotype (Noe F, Geithe C, unpublished observation), presumably due to their low minor allele frequencies (MAFs) ( Table 2 ). The functional knockout mutation OR2M3 R122C , which is the determinant for the Denisovan's difference to the modern human and Altai Neanderthal OR2M3, has an MAF of 0.003 across Homo sapiens but still has an SNP frequency of approximately 1% in the African population today (Genomes Project Consortium et al. 2010 ; The Genomes Project 2015).
OR2M3-a narrowly tuned receptor specific for a single KFO of the genus Allium So far, OR2M3 emerged as the only receptor responding to 3-mercapto-2-methylpentan-1-ol. However, a combinatorial odorant coding at the receptor level (Malnic et al. 1999; Nara et al. 2011) suggests rather broadly tuned "generalist" ORs, which nevertheless may have a selectivity for certain odorants over others as a function of concentration (Sanz et al. 2005; Schmiedeberg et al. 2007; Saito et al. 2009; Adipietro et al. 2012; Mainland et al. 2014 ) but also narrowly tuned "specialist" ORs. To investigate whether OR2M3 is a narrowly tuned or rather broadly tuned KFO receptor, we tested OR2M3 with 190 KFOs (Supplemental Table 15 ), as well as some non-KFOs, but structurally related substances (Supplemental Table 16 ), all at a concentration of 300 μmol/L, which is 10-fold higher than the concentration of 3-mercapto-2-methylpentan-1-ol in the initial screening against 391 ORs (cf. Figure 1) . This screening revealed that OR2M3 exclusively responded to a single-KFO, 3-mercapto-2-methylpentan-1-ol (Figure 8 ). OR2M3 also responded to the structurally related, but non-KFO compounds 3-mercapto-2-methylbutan-1-ol and 3-mercapto-2-methylhexan-1-ol, albeit with about 10-fold lower potencies (Figures 3A-C and 8; Table 1 ).
Discussion
Systematic investigations of homologous series around food-related alkanethiols revealed that odor perception, that is, odor threshold and odor quality, is strongly influenced by steric effects such as varying carbon chain lengths and functional groups (Polster and Schieberle 2015) . This was further shown for monoterpenoid mercaptans, which were synthesized by changing the structural motifs of the KFO 1-p-menthene-8-thiol, whose odor threshold is among the lowest ever reported for a food odorant (Schoenauer and Schieberle 2016) . Similar effects have been observed with homologous series of 2,3-epoxyalkanals and trans-4,5-epoxyalk-2-enals (Buettner and Schieberle 2001) and pyrazines (Wagner et al. 1999 ). Within such homologous series, only one or few compounds, quite often those with the lowest odor thresholds, and at food-specific concentrations, critically determine the aroma of certain foods as KFOs. From these experiments and others, we have learned that odor qualities and thresholds of odorants/KFOs cannot be predicted from their chemical structures alone (Sell 2006; Triller et al. 2008 ), but rather must arise from their potent interaction with single specific receptors, or receptor combinations, of our olfactory system (Saito et al. 2009; Krautwurst and Kotthoff 2013) . Of the 230 approximately known KFOs (Dunkel et al. 2014) , nearly 30 sulfur-containing volatiles are among the most potent KFOs.
Here, we identified 3-mercapto-2-methylpentan-1-ol, which is the only KFO, as well as the most potent compound of the homologous series of the 3-mercapto-2-methylalkan-1-ols, as the most potent agonist of just a single-receptor OR2M3, of the 391 human ORs. Whereas the effective concentrations in the in vitro experiments differ by several orders of magnitude from the odor threshold levels, however, the comparison of in vitro EC 50 values and in vivo odor thresholds clearly shows a relative conformity for compounds with carbon chain lengths C 4 -C 6 . Notably, 3-mercapto-2-methylpentan-1-ol, as well as 3-mercapto-2-methylbutan-1-ol and 3-mercapto-2-methylhexan-1-ol, have the same onion-and meat-like odor quality. For these volatiles, the activation of a single Supplemental Table 12. receptor, OR2M3, can sufficiently explain the congruent trend of the odor thresholds and the in vitro potencies on logarithmic scales, each with a clear minimum for the C 5 compound 3-mercapto-2-methylpentan-1-ol. Consequently, one has to assume other cognate OR for the C 3 , C 7 , and C 8 non-KFO 3-mercapto-2-methylalkan-1-ols, which have logarithmically higher odor thresholds, different odor qualities, and no agonist function on OR2M3. Indeed, receptor activity patterns of the C 3 , C 7 , and C 8 non-KFO 3-mercapto-2-methylalkan-1-ols screenings were exclusive of OR2M3 responses, again supporting the notion of selective cognate OR2M3/medium chain (C 4 -C 6 ) 3-mercapto-2-methylalkan-1-ol pairings. Adipietro et al. (2012) demonstrated that 93% of humanchimp OR orthologs share common ligands. Overall, 82% of OR orthologs share the same ligand, whereas only 33% of human OR subfamily members share the same ligand (Adipietro et al. 2012) . Our tests with 4 putative OR2M3 orthologs and 19 human paralogs did not reveal evidence for an evolutionary conservancy of a 3-mercapto-2-methylpentan-1-ol/OR2M3 function. Moreover, the 22 amino acid positions, which have been postulated to constitute Figure 5 . A putative 22 amino acid odorant-binding pocket from human OR2M3 does not rescue a 3-mercapto-2-methylpentan-1-ol function in the closest homologs human OR2M5 and mouse Olfr164. (A) Sequence alignments of OR2M3, OR2M5, and Olfr164. Shown are the transmembrane regions as well as extracellular loop 2. Conserved, putative odorant interaction sites are boxed in red. Positions with differences between OR2M3 and OR2M5/Olfr164 are additionally marked in red and were subjected to mutation analysis. (B) Sequence logo of 22 amino acids conserved, putative odorant interaction site proposed by Man et al. (2004) for OR2M3, OR2M5, and Olfr164. Height (bits) correlates with the conservation of the amino acids at each position. Screening of receptor variants of OR2M5 with mutations toward the predicted binding pocket of OR2M3 according to Man et al. (2004) and amino acid positions next to the predicted binding pocket (C), Olfr164 receptor variants with mutations toward the predicted binding pocket of OR2M3 according to Man et al. (2004) (D) with 3-mercapto-2-methylpentan-1-ol (60 μmol/L). Data were normalized to the OR2M3 wt. signal. Shown are mean ± SD (n = 3).
an odorant-binding pocket for evolutionary conserved functions in OR orthologs (Man et al. 2004 ), obviously do not play a role for a conserved 3-mercapto-2-methylpentan-1-ol function in putative orthologs of OR2M3: (i) the 22 amino acids are identical in OR2M3 from human, chimp, and bonobo, but the chimpanzee and bonobo receptors did not respond to 3-mercapto-2-methylpentan-1-ol; (ii) reconstituting the 22 amino acids of OR2M3 in Olfr164 and OR2M5, the 2 closest homologs to OR2M3 in mouse and human, did not reconstitute a 3-mercapto-2-methylpentan-1-ol function in these receptors. Thus, the 3-mercapto-2-methylpentan-1-ol binding site in OR2M3 may deviate from the postulated, general odorantbinding pocket for evolutionary conserved functions in OR or other amino acid residues in OR2M3 are critical for allowing 3-mercapto-2-methylpentan-1-ol binding to cause change into the active conformation. In addition, our analysis of OR2M3 sequences available suggests that Altai Neanderthals, like Homo sapiens, were capable of smelling 3-mercapto-2-methylpentan-1-ol, whereas the evolutionary older Denisovans were "non-smellers" for this compound. Altogether this suggests that the highly specific detection of 3-mercapto-2-methylpentan-1-ol by OR2M3 is not evolutionarily conserved but rather a modern human-specific function.
In this study, we demonstrate OR2M3 to be highly specific for just 3-mercapto-2-methylpentan-1-ol of the 190 tested KFOs, at least up to a concentration of 300 μmol/L. This sets OR2M3 apart from broadly tuned ORs and the observation of a combinatorial odorant coding at the receptor level (Malnic et al. 1999; Nara et al. 2011) . Nevertheless, also thiol-selective ORs may be broadly tuned, as has been reported for mouse receptor Olfr1509 (MOR244-3), which responded mainly to a variety of sulfur-containing substances (Duan et al. 2012) . Moreover broadly tuned human receptors OR1A1 and OR2W1 also responded to sulfur-containing KFOs (Geithe et al. this issue) .
Although OR2M3-unrelated, yet unknown receptors in other species may enable their perception of genus Allium-related 3-mercapto-2-methylpentan-1-ol, our data suggest the cognate 3-mercapto-2-methylpentan-1-ol/OR2M3 pairing to enable our highly specific and sensitive perception of this onion-related KFO. OR2M3 is by far the modern human OR most sensitive to 3-mercapto-2-methylpentan-1-ol and may reflect an adaptation to our nutritional behavior toward onions across cultures. Whether an OR2M3-mediated, idiosyncratic response of the modern human nose to one of the most potent KFOs, 3-mercapto-2-methylpentan-1-ol, is related to hedonic Table 2 . Shown are mean ± SD (n = 3-5). Mock control was subtracted. Data were normalized to OR2M3 wt. maximum amplitude. RLU = relative luminescence unit (OR2M3 to 3-mercapto-2-methylpentan-1-ol [60 μmol/L]). Arrows indicate EC 50 values.
and/or health-related aspects of the genus Allium will have to be determined by future experiments.
SNPs occur frequently in OR genes (Menashe et al. 2003; Olender et al. 2012; Mainland et al. 2014 ) and may impair their function (Keller et al. 2007; Jaeger et al. 2013; Mainland et al. 2014; , which we have demonstrated in this study for the 8 known single SNP haplotypes of OR2M3. Similarly, SNPs may affect other ORs in our library with a putative sensitivity toward 3-mercapto-2-methylpentan-1-ol function, such that their function may be impaired. Moreover, recombinant ORs may not equally well express at the plasma membrane level of test cell systems (McClintock and Sammeta 2003; Lu et al. 2004; Bush and Hall 2008; Matsunami et al. 2009 ), leading to suboptimal odorant sensitivities of individual receptors (Supplemental Figure 9) . Therefore, we cannot entirely exclude the existence of certain receptors other than OR2M3 responding to 3-mercapto-2-methylpentan-1-ol. However, screening this compound first against our present OR library, which is a collection of human ORs from different sources, and then screening it a second time against the 19 closest homologs of family 2 ORs, representing only the NCBI reference sequences, concordantly suggest OR2M3 as the best cognate OR for 3-mercapto-2-methylpentan-1-ol, so far.
In summary, our data demonstrate OR2M3 as an extremely narrowly tuned and highly specific receptor for the sensitive detection of 3-mercapto-2-methylpentan-1-ol and suggest a modern human-specific, food-related function of OR2M3 in detecting a single-onion KFO. 
